The ice edge of the Barents Sea east of Svalbard is an area where the warm, salty water of the North Atlantic (AtW) interacts with cold, less dense, saline Arctic water (ArW) and the water produced by melting ice (MIW). Many of the CTD profiles (CTD stands for Conductivity-Temperature-Depth) obtained in this region by Norwegian Polar Institute expeditions in 1999 and 2007 contain layers that are quasi-homogeneous in temperature, salinity and density between the depths of 5-7 m to 100-150 m. It is shown that these features are formed by convective instability due to double-diffusion, which can occur where there are positive vertical gradients of both temperature and salinity, as is observed in this region. The rate of development and the thickness of the gradient layer depend on vertical temperature and salinity drops in the zone of interaction of AtW with ArW and MIW. They correspond well, characterized by a correlation coefficient of 0.96.
INTRODUCTION
The Barents Sea is an area where the warm, salty waters of the Northern Atlantic (AtW) interact with less salty, cold Arctic waters (ArW) and locally generated water from melting ice (MIW) [1] . The interaction of water masses with different thermohaline characteristics has a strong influence on horizontal and vertical mixing. This influences the transformation of AtW where it enters the Arctic basin through the Barents Sea, and also the transport of nutrients in the surface layer of the sea where photosynthesis takes place, and thus on the initial production characteristics.
The main interaction between AtW and ArW occurs in the ice edge areas, approximately corresponding to the position of the Polar Front (PF). The structure of the ice edge areas represents a congestion of ice fields of the various sizes, clearly visible in a satellite picture of the western part of the Barents Sea from the spring of 1999 (Fig. 1) . This structure has allowed Norwegian Polar Institute expeditions to carry out oceanographic surveys in spring 1999 and 2000 at distance up to 100 -120 miles north of the border of the open sea. Fig. (2) shows the locations of the CTD-stations carried out by these surveys and the topography of the area (CTD stands for Conductivity-Temperature-Depth).
The main feature of the vertical thermohaline structures in the ice edge area south-east of Svalbard is the zone of interaction of the AtW (Temperature( T )=1.5 to 2 o C, Salinity( )=35 psu, Density( )=1028 kg m S D -3 ) with ArW and MIW ( =-1.5 to -2 T o C, =34.4 to 34.7 psu, =1027.7 to 1027.9 kg m S D -3 ). ArW and MIW are less dense than AtW and consequently these waters form a surface layer above the *Address correspondence to this author at the Norwegian Polar Institute, Polar Environmental Centre, Troms¢ N-9296, Norway; Tel: +47 77750516; Fax: +47 77750501; E-mail: pavlov@npolar.no layer of warm, salty water. Positive vertical gradients of both temperature and salinity and a stable density stratification create conditions for the development of double diffusive convective processes such as level-by-level convection. Double diffusion occurs because the vertical diffusion of heat takes place faster than that of salt. The warming of overlying layers results in the development of a convective instability, which leads to mixing and the formation of uniform layers of temperature, salinity and density.
The mechanisms of this type of convective process are discussed in . The formation of convective layers in lakes, seas and oceans, where temperature and salinity increase with depth, have been demonstrated in [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Thermohaline structures with uniform layers with thicknesses from 5 -7 m up to 70 -80 m were found on many CTD-stations in the ice edge zone near Svalbard. Examples are shown in Fig. (3) . Some features of such structures and their agreement with Turner's model are considered in [31] .
Convective vertical movements play an essential role in vertical mixing, the formation of thermohaline structures, and the transport of nutrients in the ocean's photosynthetic layer [39] . The present work analyses the development of convective instability in an area where AtW comes into contact with ArW & MIW. We calculate the rate of development of uniform layers and the gradient layers at the borders of the convective layers. We attempt to verify our estimations by comparison with the observed structures of temperature and salinity.
THE DEVELOPMENT OF A CONVECTIVE IN-STABILITY
The development of a convective instability starts with the contact of cold, low salinity Arctic waters (ArW) with warmer, salty Northern Atlantic water (AtW). In the limiting case, the contact zone at the initial moment of time is shown in Fig. (4) .
The equations of vertical diffusion of temperature, T , and salinity, S , are written as follows: where is time, and are respectively the coefficients of the molecular conductivity of temperature and diffusion of salt.
The initial and boundary conditions are: The solution of a problem of this type is well-known and has the form
where
is the integral of errors.
The zone of contact between ArW and AtW is usually characterized by a change in temperature from -2 to +2 o С and a change in salinity from 34.5 up to 35 psu. In this case, , psu,
The real thickness of the gradient layer, as seen in Fig.  (3) , varies from 3 to 15 m, and on some profiles is as much as 45 to 50 m. If we assume, that these gradient layers are formed by molecular diffusion of temperature and salinity, the corresponding timescales are from 76 to 1920 days for temperature and from 760 to 19200 days for salinity, which is unrealistically long. This suggests that turbulent diffusion of temperature and salinity is most important in the formation of such layers. One possible mechanism is considered below.
The parameterization of the vertical temperature flux in a zone of contact AtW and ArW can be presented as follows [7, 8, 12, 13, 31, 38] :
where is the coefficient of turbulent diffusion of temperature,
is the flux of temperature through this contact zone,
is the change of temperature, is the thickness of the gradient layer at ,
ν is the molecular viscosity, α is the coefficient of temperature expansion, is the gravity acceleration, β is the coefficient of salinity compression and
is the density ratio [38] .
The temperature difference and temperature flux do not vary in a non-stationary case of development of the gradient layer . The thickness of this gradient layer constantly increases, owing to turbulent diffusion of temperature and, in a general case, this value depends on time as follows:
, where may be any parameter. As the coefficient of turbulent diffusion of temperature is proportional to ( 
From Eqs. (7) and (8) it follows that for any parameter n , the coefficient of turbulent diffusion of temperature is line-arly dependent on time and, hence, 1 n = and
The coefficient of turbulent diffusion of salt, , is determined from the known dependence between and , and at [7, 10, 27] from Eq. (8),
For the turbulent mode of diffusion of temperature and salinity in the zone of contact between AtW and ArW, the density varies as
The thickness of the gradient layer, , is determined from the condition
, and after transformation,
( 1 1 ) The heat flux through the zone of contact of AtW and ArW, and the effect on buoyancy connected with it, result in convective mixing. The development of the convective mixing process starts when the Nusselt number is equivalent to unity,
where is the initial thickness of the convective layer, 
The dependence is shown in Fig. (5) . 
is the vertical flux of buoyancy, is the square of the Brunt-Väisälä frequency due to the vertical salinity gradient, and C is a constant whose value, according to Turner's data, lies within the range 1.06 to 1.63. Substituting and in Eq. (15), after transformation gives the expression for the vertical velocity, , of the development of convective layer: 
Using this ratio, calculations are made for conditions that are characteristic for the zone of contact between AtW and ArW. The results are shown in Fig. (6) . For the most typical conditions in the ice edge zone, the velocity of development of convective layer is 1 -4 m/day.
ANALYSIS OF THE EXPERIMENTAL DATA AND COMPARISON WITH THE CALCULATED RATIO
As has already been described, mixed layers with a range of thicknesses that are uniform in temperature, salinity and density are found out in many CTD-profiles in the ice edge zone. Some examples of such structures are shown in Fig.  (3) . Concrete values of temperature and salinity shifts between AtW and ArW & MIW are determined from the analysis of − S , T curves. Two characteristic examples of temperature, salinity, and density are shown in Figs. (7 and  8) . In the first, the development of the convective layer occurs inside the pycnocline and is symmetric in nature, i.e. with approximately equal temperature and salinity shifts at the top and bottom of the convective layer. In about 80% of cases development of the convective layer occurs in another way. For temperature, the layer develops almost up to the surface, whereas salinity and density have sharp gradient layers in the near-surface layer, at a depth of 12 -20 m. There is almost no change in temperature whilst salinity changes by up to 0.15 psu, thus there is a strong density gradient which blocks vertical temperature flux, acting from AtW, as shown in Fig. (8) .
The data for temperature and salinity changes are used to estimate the density ratio and the temperature flux in the zone of AtW, ArW and MIW contact using the following: Table 1 . A comparison of and is shown in Fig. (9) .
The reliability level, , appropriate to a single deviation of the received data from a line of equal values, is shown in the same figure.
Using data from one of the hydrological surveys of the ice edge zone, the horizontal distribution of velocity of development of the convective layer was calculated. This distribution is superimposed onto satellite measurements of the concentration of the chlorophyll-a, which were carried out in the same period of time (Fig. 10) .
CONCLUSIONS
The agreement between the calculated value of the gradient layer and its actual value supports the mechanism considered for the formation of the convective layer. Fig. (9) . Comparison of the actual gradient layer thickness, h grad , and the computed value, d ρ . Fig . (10) . Distribution of velocity of convective structures formation (the yellow isolines conducted through 1 m/day) and distribution of the chlorophyll concentration on the data of satellite measurements.
